We have studied pyroelectric and ferroelectric properties of Pb͑Zr, Ti͒O 3 thin films grown epitaxially on SrTiO 3 ͑001͒ substrates by rf magnetron sputtering. The pyroelectric coefficient was measured in the temperature range from 280 to 370 K using the Byer-Roundy method. Values as high as 48 nC/ cm 2 K have been obtained at 300 K. The PZT thin films exhibited a remanent polarization of 45-58 C / cm 2 . The improved pyroelectric coefficient was attributed to a high crystalline quality of the films, as revealed by x-ray diffraction that showed only ͑001͒-oriented perovskite PZT phase and a -rocking curve full width at half maximum value as low as 4.2 arc min for 300 nm thick films. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2969778͔ Ferroelectric lead zirconate titanate Pb͑Zr, Ti͒O 3 ͑PZT͒ has been extensively studied theoretically and experimentally for decades. Its remarkable ferroelectric, pyroelectric, dielectric, and electro-optical properties offer great promise for various applications, such as nonvolatile memories, nonlinear optic devices, ultrasonic and motion sensors, infrared detectors, and microactuators 1,2 By virtue of large pyroelectric coefficient p of PZT, efforts have been extended to realize pyroelectric devices, 3, 4 capable of operating over a wide range of temperatures without a cooling system. Pyroelectricity is a coupled effect that relates the change in the electric displacement dD in a material to the change in the temperature dT:
5 dD = pdT. To study and exploit the properties of PZT for pyroelectric device applications, high-quality PZT thin films are required. The similar crystal structure and good lattice match of PZT and strontium titanate ͑STO͒ make STO a suitable substrate material for growing highquality PZT films. 6, 7 In addition, the close thermal expansion coefficients of PZT and STO can minimize the straininduced secondary pyroelectric effect, and also allow growth in thick PZT films as well as processing at high temperatures. In this paper, we report the pyroelectric and ferroelectric properties of high-quality PZT thin films.
The PZT films of the morphotropic phase boundary ͑MPB͒ composition, Zr: Ti= 52: 48, were grown epitaxially by an off-axis rf magnetron sputtering system on STO͑001͒ substrates using a 3 in. diameter PZT target containing 10 mol % excess PbO to prevent Pb deficiency caused by high Pb volatility. During growth, Ar and O 2 gases were introduced into the growth chamber through mass flow controllers. Although the use of oxygen for growing oxide materials in rf sputtering enhances material oxidation, it causes resputtering of the growing films. Therefore, the oxygen flow rate was set at a relatively low level of 5 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ as compared to 30 SCCM of Ar. In addition, the off-axis sputtering geometry is intended to reduce resputtering. The total pressure of the Ar and O 2 mixture gas was kept at 2 mTorr. The rf power was set at 120 W.
The crystal structure and orientation of as-deposited PZT films were characterized by high resolution x-ray diffraction ͑HRXRD͒. Under the conditions mentioned above, the substrate temperature was found to be a critical parameter controlling the formation of a perovskite phase. The PZT films grown at temperatures below 500°C were dominated by the pyrochlore phase with only a minor presence of the perovskite phase. As the substrate temperature increased, the perovskite phase became dominant. The films grown at 700°C showed only XRD peaks corresponding to the perovskite phase ͑700°C is the maximum substrate temperature attainable in our sputtering system͒, as seen from the symmetrical 2-HRXRD scan shown in the inset of Fig. 1͑a͒ . The pattern is dominated by a ͑001͒ reflection from the STO substrate at 22.75°and a peak at 21.46°that is very close to the 2 angle of ͑001͒ reflection from bulk PZT ͑21.414°, accorda͒ Electronic mail: xiaob@vcu.edu. ing to the international center for diffraction data 8 ͒. The corresponding c lattice parameter is 4.136 Å. To determine the in-plane lattice parameter a, we performed 2-scans of the asymmetric ͑101͒ reflection, which was located at 30.95°, corresponding to a = 4.031 Å. The obtained lattice parameters of c = 4.136 and a = 4.031 are very close to those in bulk PZT crystals of the MPB composition, 4.146 and 4.036 Å, respectively. 8 Our findings suggest that 300 nm thick PZT thin films grown on STO substrates are nearly fully relaxed. The HRXRD -rocking curve measurements were performed to evaluate the crystal quality of PZT films ͓see Fig.  1͑a͔͒ . The full widths at half maximum of rocking curves were 4.2 and 30 arc min for the symmetric ͑001͒ and for the asymmetric ͑101͒ reflections, respectively, indicating high crystal quality. To determine the in-plane epitaxial relationship of the PZT/STO heterostructure, ⌽ scans of asymmetrical ͑101͒ reflection were performed separately for the PZT film and the STO substrate. The observed fourfold rotational symmetry ͓see Fig. 1͑b͔͒ clearly implies an in-plane epitaxial relationship of PZT͓100͔ ʈ STO͓100͔.
The PZT films grown on conductive STO substrates doped with Nb to 0.5 wt % ͑resistivity ϳ0.05 ⍀ -cm͒ were used to characterize the electrical properties of the material. Capacitor structures composed of 50/30-nm-thick Au/Cr circular electrodes of 200 m in diameter were fabricated on top of PZT films. The bottom electrodes of PZT capacitors were placed on top of the STO substrate, as shown in the inset of Fig. 2͑a͒ . Using the fabricated capacitor structures, pyroelectric properties of PZT thin films were studied by the Byer-Roundy method. 9 A computer-controlled measurement setup consisting of an HP 4142B modular dc source/monitor and a Lakeshore 331 temperature controller was assembled for measuring the pyroelectric response. The sample under test was placed on a copper plate in a heating chamber equipped with an electrical heater and a liquid-nitrogen cooler, which was poled at room temperature with an electric field of 500 kV/cm. During the pyroelectric response measurements, the chamber pressure was kept around 10 −2 Torr.
The temperature was ramped up from 160 to 420 K with a rate of ϳ0.6 K / s. The current induced by temperature change was measured every 200 ms. As demonstrated in Fig.  2͑a͒ , this current gradually increases in region I, at the beginning of the temperature ramping, and then reaches a steady-state value in region II. The gradual current increase cannot be considered as the actual pyroelectric response because it is mainly caused by charging the parasitic capacitances in the measurement circuit. As shown in Fig. 2͑a͒ , as the heating rate was reduced in region III, the induced current decreased accordingly. To some extent, this reduction includes the discharging current from the parasitic capacitances. Hence, the pyroelectric coefficient was calculated only for region II using p͑T͒ = I͑AdT / dt͒ −1 , where I is the current induced by the pyroelectric effect, A is the capacitor area, and dT / dt is the temperature ramping rate. The magnitude of p was also extracted from the cooling ͓the inset of Fig. 2͑a͒ presents the full heating-cooling cycle͔. To eliminate the possible contribution from other thermally stimulated currents, especially those associated with charging/discharging electron traps present in the material where these currents tend to be unidirectional, we averaged pyroelectric coefficients extracted separately for the heating and cooling cycles. Figure 2͑b͒ shows the magnitude of p, averaged at the temperature ranging from 280 to 370 K. At room temperature, the measured magnitude of p for PZT thin films grown on STO:Nb was 48 nC/ cm 2 K, which are larger than those reported for highly oriented PZT ͑Ref. 10͒ ͑26 nC/ cm 2 ͑35-40 nC/ cm 2 K͒. The large pyroelectric coefficient observed in our samples is likely due to the high crystal quality of the PZT films on closely lattice-matched STO substrates. The weak temperature dependence in the range from 280 to 370 K implies that the pyroelectricity of the PZT/STO:Nb structure is dominated by the transient, temperature-induced polarization change. In addition, F D , the figure of merit derived from specific detectivity, was evaluated: F D = p / ͓cЈ͑ tan ␦͒ 1/2 ͔, where cЈ is the volume specific heat ͑cЈ = 2.7ϫ 10 6 J m −3 K −1 for PZT thin films͒, is the relative permittivity, 0 is the vacuum permittivity, tan ␦ is the dielectric loss, and p is the pyroelectric coefficient. 12, 15 The values of F D were found to be ͑1.89-2.60͒ ϫ 10 −5 Pa −0.5 at 30 Hz, where is 310 and tan ␦ is 0.017 extracted from capacitance-voltage measurements at room temperature. The ferroelectric properties of the PZT films were examined by polarization-electric field ͑P-E͒ measurements at different temperatures. Prior to the P-E measurements, we examined I-V characteristics on the PZT films at different temperatures. At an applied electric field of 500 kV/cm, leakage current densities as low as 1 ϫ 10 −8 and 5 ϫ 10 −8 A / cm 2 were observed at 300 and 400 K, respectively, indicating high dielectric property. At room temperature, the remanent polarization was around 45-58 C / cm 2 , slightly varying among the devices measured. The P-E curves of a PZT/STO:Nb heterostructure measured at 260 and 360 K are shown in Fig. 3 , indicating a temperature dependence of the remanent polarization. The relationship of the ferroelectric polarization and temperature can be ex- pressed by the Landau-Devonshire theory as 16 P S = ͱ a 0 ͑T 0 − T͒ / b, where a 0 and b are the coefficients of the free energy polynomial expansion, P S is the spontaneous polarization, and T 0 is the phase transition temperature ͑T 0 Ϸ T C , T C is the Curie temperature͒. For T Ͻ T 0 , the polarization decreases as temperature increases in relation to the pyroelectric effect. At a constant external electric field, the pyroelectric coefficient can be expressed as p = dP S / dT. The same trend can be obtained by measuring the temperature dependence of the remanent polarization P r , which, in principle, can be used for estimating the pyroelectric coefficient. For our PZT films, the magnitude of p estimated from temperature-dependent P-E measurements ranges from 10 to 60 nC/ cm 2 K. However, this approach has some limitations and results in relatively large experimental error. In fact, the value of spontaneous polarization in PZT is about a thousand times larger than that caused by the pyroelectric effect. A more significant limitation is related to the asymmetry of the hysteresis loops ͑see Fig. 3͒ . This asymmetry could be a manifestation of the built-in field in a heterostructure, which may also be temperature dependent, and introduces a large uncertainty into the value of p extracted from the P-E measurements as the zero applied external field no longer corresponds to zero net field. This asymmetry phenomenon was reported for various heterostructures, such as PZT/ SiO 2 / Si, 17 PZT/GaN, 18 and PZT/STO. 19 In addition, dissimilar electrodes, mobile charges, and interface charge traps are also considered as possible sources of the observed asymmetry. The lack of detailed experimental results makes it difficult to quantify their individual contributions to the asymmetry.
In conclusion, high-quality epitaxial PZT thin films have been grown on STO͑001͒ substrates by off-axis rf magnetron sputtering. The formation of ͑001͒-oriented perovskite phase has been revealed by HRXRD. The pyroelectric properties of the PZT films have been studied as a function of temperature in the range from 280 to 370 K. The measurements have yielded a pyroelectric coefficient as high as 48 nC/ cm 2 K at room temperature. This work was supported by a grant from the Office of Naval Research under the direction of Dr. Ingham Mack, preceded by Dr. C. E. C. Wood. FIG. 3 . P-E hysteresis loops of a PZT thin film on Nb-doped STO substrate measured at 260 K ͑dashed͒ and 360 K ͑solid͒. Inset ͑1͒ shows the temperature dependence of remanent polarization in the PZT films. Inset ͑2͒ is a close up of the +P r region.
